The scarcity of information in relation to the staging and performance of the York Mystery Plays in medieval times has made it necessary for scholars to draw information and methodologies from different fields of study. Existing theories on the staging, performance, and reception of the plays have used as sources the surviving documents, 1 the findings regarding the streets used for the performances, 2 research into similar events in continental Europe, 3 as well as experience gained in modern productions. 4 Although scholars have acknowledged that acoustic considerations might have been an important factor in performance and staging decisions, 5 we lack systematic studies on how acoustic considerations would have had an impact on the staging and reception of the plays. The advent of new digital technologies allows the application of acoustical knowledge to the study of the York Mystery Plays through the use of computer models.
In this paper, I build upon my previous work on the acoustics of one of the playing stations of the York Mystery Plays: Stonegate, a street in central York. I studied Stonegate through acoustic measurement techniques and virtual models in order to explore both its modern and sixteenth-century acoustics. 6 This article explores three different but interconnected issues: the impact of the introduction of wagon structures on the acoustics of sixteenth-century Stonegate; the changes in the acoustics of the space depending on the type of wagon structure used; and the impact of wagon orientation on the acoustics of the performance space. I focus on the impact of the wagons on the performance space, rather than on the effects of audience areas (standing, seated, at windows), as I have analysed the latter in a previous study. 7 Computer Models: Stonegate, Wagon Types, and Wagon Orientation
In a previous study I explored the use of computer models designed using the software CATT-Acoustic to study the characteristics of sixteenth-century Stonegate. 8 I simulated eight different models to explore the impact of differences in the height of buildings, open versus closed windows, and window types (in line with the wall versus projecting). Using multiple computer models avoids a reductionist approach to the study of sixteenth-century Stonegate by bringing to the forefront areas of uncertainty in connection to its features. I did not consider audience areas as part of these acoustic simulations given my aim of first exploring the different unknowns in connection to the acoustics of Stonegate while also establishing the structural variations that are most important for acoustical studies on the performances. Results demonstrated that changes in buildings' height as well as variations between open and closed windows would have had a significant impact on the acoustics of Stonegate, whereas changes in window types would have had a minimal effect and, as a result, represent an aspect that can be disregarded in future studies.
For this article, I used four different virtual models of sixteenth-century Stonegate (those whose characteristics were relevant in terms of acousticssee table 1) and combined them alternately with the simulations of two different wagon structures, with two different orientations. I explore the impact of these different wagon structures and orientations in terms of the effects they might have had on the acoustics of Stonegate and, as a result, on the performance and reception of the York Mystery Plays. My acoustical analysis focuses on three main points. First, the impact of the addition of a wagon structure on the acoustics of the street space becomes evident through a comparison of the results from the acoustic predictions of the space including a wagon to the results derived from the same space without a wagon included. Second, my study explores variations in the acoustical properties of the space dependent on the introduction of a closed or open wagon structure. Third, I measure acoustical changes resulting from different wagon orientations (side-on versus front-on).
Wagon Structures
My study simulated two contrasting wagon structures and measured the resulting effects on the acoustics of sixteenth-century Stonegate with respect to a side-on and front-on orientation for each wagon (see figure 1 and table  2) . 9 The first type of wagon (referred to in this article as 'closed' wagon) is a multi-level design with its lower section, which represents Earth, closed on three sides (see figures 2 and 3). I modelled the base of the wagon structure through the simulation of curtains covering the wheels. The main deck has a wooden surface, and the sides are wooden frames with curtains. The upper deck, which represents Heaven, has a wooden base and a wooden surface at the back, but it is open on the left-and right-hand sides. The complexity of the structure, the inclusion of two different levels, and the use of cloth for the back and sides of the wagon are based on the 1433 Mercers' wagon of 'The Last Judgement'. 10 John McKinnell's work 11 provided the basis for determining the dimensions of the wagon structure. In its side-on orientation, the wagon has a depth of 1.83m and a length of 3.66m, values that are inverted in the front-on orientation. The height of the wagon from the street level to the topmost part of the structure is 6.7m. Such height includes the following elements and their respective heights: a deck (1.83m), the Earth structure (2.44m), the wooden base of Heaven (0.25m), and the Heaven structure (2.18m). The height of the wagon deck is based on McKinnnell's 12 analysis of documents on the Chester Cycle, the Flemish ommegangen in van Alsloot's painting The Triumph of Archduchess Isabella (1615), 13 and the wagons used in Spanish Easter week processions. The height of the Earth structure is based on the height chosen in 'The Last Judgement' productions by Joculatores Lancastrienses (1988) and the Durham Medieval Theatre Company (1998). 14 The height of Heaven needed to be comparable to the Earth structure as well as to bring the wagon structure up to the height of 6.7m, which is the minimum height McKinnell considers possible for a multi-level wagon. 15 The choice of wagon depth takes into account the narrow width of the streets of medieval York as well as the need for a 'backstage' area for side-on wagons. 16 These dimensions could be increased in future experiments in order to analyse the impact of the change on the acoustics of the space. The second type of wagon (referred to in this article as 'open' wagon) is based on the Nativity wagon in van Alsloot's painting. The computer model consists of a wooden wagon deck that is covered with curtains, and a wooden pitched roof supported by four wooden columns (see figure 4) . The dimensions are the same as the closed wagon with the exception of the height from street level to the top of the roof, which is 6.17m.
In acoustical models, assigning surface materials requires the use of absorption and scattering coefficients. Sound absorption is the removal of acoustic energy from a space, whereas scattering refers to non-specular sound reflections caused by the irregularities of surfaces. The choice of materials for the virtual models, which are in most cases wooden surfaces, reflects the importance of timber in the construction of medieval vehicles. 17 I sourced the absorption and scattering values (see table 3) from the Surface Properties Library in CATT-A, 18 which includes surfaces used for the study of auditorium acoustics. These values, however, could be modified to reflect different possible types of timber as well as different types of curtains. In future publications I will explore these alternatives. My study disregarded details pertaining to the undercarriage and the tongues, as they are not essential to the study of the acoustics of the space. Other features the models excluded are those relating to practical aspects such as machinery employed for theatrical effects; in the case of the multi-level wagon this machinery would have been used to simulate the ascent of God to Heaven. My study also omitted practicalities concerning the ascent and descent of actors and singers to the acting decks, which might have involved the use of ladders. 19 
Sound Sources and Receivers
I added virtual sound sources to the computer models to simulate performers (actors/singers) and receivers to represent listeners (audience members). The wagon closed on three sides includes five different sound sources (see figure  5 ), which represent performers standing at various positions in relation to the wagon structure. Two sound sources were located atop the wagon deck, one of them towards the back of the structure (B0) and the other towards the front (B1). Another source was located at street level in front of the wagon (B2) and two more sources were located atop the upper deck, one of them towards the back of the structure (B3) and the other towards the front (B4). The virtual models that include the wagon open on all sides only include sources B0 to B2. All sound sources are oriented towards the listeners. Three different listener positions are included (see figures 6-7); previous work on Stonegate uses these same positions, 21 which follow the recommendations by Gade 22 for acoustical studies.
Virtual Models
The study combined each wagon simulation (see table 2) in turn with the four virtual models of sixteenth-century Stonegate (see table 1), resulting in sixteen simulations of the acoustics of the performance space.
The study of the acoustical characteristics of the performance spaces through such simulations needs to consider both speech and music. The plays relied upon intelligible speech to transmit the essential religious message to the audiences; in many instances in the plays, words are more important than the actions assigned to the characters. 23 The ability of actors to project their voices in outdoor spaces, furthermore, was considered vital for their participation in the York Mystery Plays, highlighting the relevance of speech clarity. 24 Several of the plays also included music, especially in connection to angels and good secular characters. 25 We identify the use of musical items in the York Mystery Plays not, in most cases, through the inclusion of notated music in the manuscript but by analysing dramatic directions, text references, Latin phrases, and the extant records on the plays. 26 Scholars have interpreted the lack of notated music as an indication that the performers sang the pieces monophonically (that is, in a plainchant setting, which was the predominant musical style of worship), to improvised polyphony (two or more melodic lines), or that these singers knew a polyphonic version of the piece. 27 The only surviving notated music, from 'The Assumption of the Virgin', consists of three texts with two polyphonic versions of each.
Because of the importance of speech and music in the plays, I will analyse the acoustics of the performance spaces in terms of reverberation time, clarity, and Apparent Source Width (ASW).
Reverberation time, often referred to as RT60, can be defined as the time, expressed in seconds, that it takes for sound to decay by 60dB after the sound source has stopped emitting sound. Although the definition of reverberation time considers a 60dB dynamic range, scholars often measure values over a narrower range of 30dB; this article considers such values, referring to them as T30. The optimum reverberation time for a space depends on its function. If a space is used mainly for the spoken word, then short reverberation times are preferable. Literature suggests one second as the ideal reverberation time for speech, although acoustic measurements in theatres have shown that values can range between 0.7 and 1.2 seconds. 28 Below 0.5 seconds, although speech will be intelligible, listeners might feel aural discomfort as most people usually inhabit and frequent spaces with reverberation times above 0.5 of a second, making spaces with very low reverberation times seem unnatural. 29 In a space used for music performances, the optimum reverberation time depends on the type of music performed. Music characterized by short notes and complex rhythmic patterns will benefit from short reverberation times that enable the listener to distinguish every note, while slow and rhythmically simple music would benefit from longer reverberation times. 30 Table 4 includes values of reverberation time associated with spaces used for dramatic and musical performances as well as medieval religious sites. Clarity is an early-to-late arriving energy ratio expressed in decibels. When calculated as C50, it considers the division between early and late energy as 50 milliseconds (ms) and gives an indication of speech intelligibility in a space, whereas when calculated as C80, it considers the division between early and late energy as 80ms and measures musical definition. As was noted in connection to reverberation time, optimum values are highly dependent on the use of the space. Higher values of clarity would result in better speech intelligibility and the perception of musical detail. Those listening to rhythmically complex musical items will prefer high levels of clarity since each sound will be more distinct; performances of, for instance, plainchant items, which present slow melodic lines, would benefit from lower values of clarity. Michael Barron 39 indicates that optimum values of clarity for concert halls are within the range of -2dB to +2dB. Although higher values would likely not indicate an excess of clarity, we need to assess whether higher values are indicating very low results in other parameters, such as reverberation time. 40 Clarity values linked to concert halls as well as medieval sites can be found in table 5. Table 5 . Clarity values linked to spaces used for musical performances and medieval religious sites in Yorkshire function of the space/specific site clarity (dB) concert hall -2dB to +2dB (C50/C80) 41 York Minster -6.09dB (C50) / -5.40dB (C80) 42 St Patrick's Patrington parish church (East Yorkshire, 15th century)
The ASW is associated with the perceptual broadening of the sound source related to the presence of early (first 80ms) lateral reflections 44 and it is a characteristic favourable to music performances. We can analyse ASW by using the parameter IACC E (Interaural Cross-Correlation Coefficient, Early), which measures the dissimilarity of signals arriving at both ears. It is often calculated as IACC E3 , which is the mean IACC E across 500Hz-2kHz. Calculations consider the 500Hz-2kHz range due to the fact that the wavelength (the distance travelled by a wave within a cycle) is similar or smaller than the dimensions of an average listener's head. 45 IACC E3 negatively correlates with the ASW, meaning that an increase in IACC E3 corresponds to a decrease in ASW (and vice versa). Subjective studies have shown that audiences prefer low values of IACC E , which indicate a perceptual broadening of the source. 46 IACC E3 values linked to spaces used for musical performances and medieval religious sites can be found in table 6. concert halls ranked as "superior" and "excellent" 0.36-0.46 47 ranked as "good" to "excellent" 0.38-0.54 48 ranked as "good" 0.53-0.59 49 Gothic churches 0.15-0.78 50 I determined significant differences in the acoustics of a space through the calculation of the Just Noticeable Difference (JND), which can be defined as the smallest perceptible difference between samples. For this research project, I used a JND value of 5% 51 for T30 when values were larger than 0.6s, and assumed a fixed value of 0.03s for reverberation times shorter than 0.6s. 52 JND values for C50 and C80 were 1.1dB and 1dB respectively. 53 The JND for IACC E3 was 0.075. 54 
Acoustical Analysis

Impact of Wagon Structures on Sixteenth-Century Stonegate
This section explores the data collected from the combination of the different wagons with the various virtual models of Stonegate and compares it to the data collected for the virtual models of the street space without the inclusion of a wagon structure.
The addition of a wagon structure to the street space resulted in variations in all the acoustical parameters studied. In terms of reverberation time, we observed a clear tendency towards a decrease in values. The exception to this decrease was the combination of the closed wagon in a side-on orientation and Stonegate 2-4, which resulted in longer reverberation times.
The impact of the addition of a wagon structure on clarity depended heavily on the simulation of Stonegate, making it more difficult to arrive at a generalization. In the case of Stonegate 1, clarity increased when a closed wagon (regardless of the orientation) and an open wagon in a front-on orientation were used, but decreased when the open wagon in a side-on orientation was included in the street space. Results for Stonegate 3 and 4 also showed higher clarity with the inclusion of a wagon. This higher clarity, however, is only the case with the closed wagon in a front-on orientation and with the open wagon with both orientations. When considering Stonegate 2, the closed wagon and the open wagon in a side-on orientation result in a decrease in clarity, whereas the inclusion of the open wagon in a front-on orientation results in an increase. Changes in spatial impression indicated that the inclusion of wagon structures caused an increase in the ASW.
Impact of Closed and Open Wagon Structures on Sixteenth-Century Stonegate
The following section analyses the differences in the acoustics of Stonegate depending on whether a closed or an open wagon is used. Such analysis compares each orientation, side-on and front-on, separately. This way of pairing 24 Mariana Lopez the simulations avoids the tainting of comparisons resulting from wagon orientation.
Comparison Between Side-On Wagons
I studied the impact of closed and open wagons on sixteenth-century Stonegate by comparing the two structures in a side-on orientation. Reverberation time results (see table 7) indicate that with Stonegate 1 the open wagon had the longest reverberation time, whereas Stonegate 2 and 4 showed opposite results since in these simulations the use of the closed wagon resulted in a longer reverberation time. Stonegate 3 was the least affected of the simulations and the significant differences recorded did not indicate any clear tendencies. The reverberation time calculated in all simulations is below that considered ideal for theatre performances (1s). 55 The combination of Stonegate 3 with either a closed or an open wagon in a side-on orientation, however, results in values within the range measured for theatres, 0.7-1.2s. 56 The reverberation time in all simulations is below the values found in spaces where plainchant and polyphonic pieces would have been sung on a regular basis. This lower reverberation time would have impacted both listeners and singers. Listeners would have been unaccustomed to hearing the pieces in such an acoustical setting, whereas performers would have had to adapt their singing to a dryer space (that is, with shorter reverberation times), which would not have provided as much auditory feedback and might result in greater difficulty in maintaining a proper intonation.
Clarity results (see table 7) showed that Stonegate 2 was the most affected and had higher clarity when the open wagon was used, although at 1-16kHz higher values for the closed wagon could also be observed. Stonegate 1, 3 and 4 exhibit higher clarity at 125-500Hz when the open wagon is used and at 1-16kHz when the closed wagon is incorporated. Despite these differences all simulations indicate results that would ensure speech intelligibility.
An Acoustical Approach to the Study of the Wagons 25 Clarity is very high for the performance of plainchant items, although it might benefit the most complex polyphonic pieces whose rhythms would have been perceived more distinctively. The high clarity nevertheless comes at the expense of the reverberation time and thus might cause discomfort to singers.
The examination of IACC E3 showed that, although the parameter presented variations in the results, these variations did not indicate a clear tendency and depended upon the source and receiver positions. Stonegate 1 and 3 combined with a closed wagon have the lowest values of IACC E3 , which means that they present a greater perceptual broadening of the sound source.
Comparison Between Front-On Wagons
The comparison between the wagon structures in a front-on orientation proved that the impact of the change in wagon type is larger when front-on wagons are used (see table 8 Clarity values were affected the most with the simulation of Stonegate 2. Although most of the differences showed that the open wagon resulted in higher clarity, observation also revealed that at 2-16kHz values are higher when the closed wagon is included in the street space. The simulations of Stonegate 1, 3, and 4 show that the inclusion of the open wagon results in higher values at 125-500Hz, whereas at 1-16kHz the closed wagon has higher clarity. All clarity values in all the simulations are appropriate for speech, but they are above those recommended for music.
The analysis of IACC E3 showed a clear correlation between the use of the open wagon and the increase in ASW. Spatial impression values are suitable for music, in particular when using the open wagon combined with Stonegate 3, which has values found in concert halls.
An Acoustical Approach to the Study of the Wagons 27 
Impact of Side-On and Front-On Wagon Orientations on Sixteenth-Century Stonegate
This section reflects on the acoustical effects of side-on vs. front-on wagons. I conducted the analysis by grouping the closed wagons on the one hand, and the open wagons on the other. This grouping enables the study of the influence of the orientation on each type of wagon.
Comparison Between Different Orientations of the Closed Wagon
Changes in wagon orientation affected all simulations, as well as all parameters studied (see table 9 ). The side-on orientation resulted in a longer reverberation time. The longest value was recorded for Stonegate 3 and was within the range considered suitable for theatres, though below one second. These values, however, are outside the ranges considered suitable for music performances. The analysis of C50 and C80 proved that the use of a front-on wagon resulted in higher levels of clarity in the performance space. Clarity values are suitable for speech intelligibility in all the simulations but outside the ranges considered suitable for music performances.
Finally, the study of IACC E3 proved an increase in the ASW that is associated with the use of the front-on orientation. IACC E3 presents good results for music and Stonegate 1 with a front-on wagon has values comparable to those recorded for concert halls.
Comparison Between Different Orientations of the Open Wagon
The change in wagon orientation affected all simulations as well as all parameters studied (see table 10 ). When analysing the parameters T30 and IACC E3 I noted that, although the use of different orientations for the open wagon resulted in significant differences, these differences were not as prominent as those observed for the closed wagon structure.
The examination of T30 results showed that the use of the open wagon in a side-on orientation resulted in longer reverberation times, whereas the use of the front-on orientation resulted in higher values of clarity. The study of IACC E3 proved an increase in spaciousness is associated with the use of a front-on orientation.
The longest reverberation time was recorded for the combination of Stonegate 3 with a side-on wagon, including values suitable for theatres, and all clarity results show the suitability of the space in terms of speech intelligibility.
The reverberation time and clarity results are outside the ranges deemed suitable for musical performances. The spatial impression, on the other hand, seems more adequate. The combination of Stonegate 1 with an open front-on wagon, for example, resulted in IACC E3 values comparable to those recorded for concert halls. The results showed that the inclusion of a wagon structure affected all parameters. Reverberation time, in most cases, presented a drop in values, whereas clarity evidenced an increase. The IACC E3 parameter showed a tendency towards an improvement of the Apparent Source Width (ASW).
Variations in the acoustical parameters also emerged between the wagon structures closed on three sides and those open on all sides. Changes in the structure when using the side-on orientation affected Stonegate 1 and 4 the most. Stonegate 1 had the longest reverberation time when an open wagon was used, whereas Stonegate 4 had the longest reverberation time when the closed wagon was used. The study of the front-on wagons indicated a more straightforward correlation between the use of an open structure and the increase in reverberation time. Clarity parameters were more sensitive to the change and, in general, results evidenced an increase in clarity when the closed wagon was incorporated. The examination of IACC E3 in relation to the side-on wagons demonstrated that the results are highly dependent on the receiver position, whereas the study of front-on wagons showed a larger ASW with the use of the open wagon.
Wagon orientation had an impact on all acoustical parameters, but such impact was particularly evident with the closed wagon, indicating that, acoustically, wagon orientation was an issue requiring greater consideration when closed wagons were used. The side-on orientation resulted in a higher reverberation time than the front-on wagon, whereas the front-on wagon resulted in higher clarity and a larger ASW. Although clarity and ASW are smaller for the side-on orientation, they are nevertheless still within the range considered appropriate for speech in the case of clarity and music in the case of the ASW. The increase in clarity in the front-on wagon, furthermore, is detrimental to the performance of plainchant items and it comes at the expense of the reverberation time. Therefore, the side-on wagon provides a better balance between the different acoustical requirements of speech and music.
When taking into account all the different simulations of Stonegate presented in this paper, as well as the different wagon types and orientations, the reader can observe that Stonegate 3 combined with a closed, side-on wagon 32 Mariana Lopez provides the most favourable acoustics for the plays as it has the longest reverberation time, making the acoustic conditions more satisfactory for music, but at the same time those values are still within the range found in theatres and considered suitable for speech. Together with the rest of the simulations, furthermore, this combination has high clarity values that ensure intelligibility. Finally, its IACC E3 values are within the range found in Gothic churches, where similar musical repertory would have been performed.
The results presented in this article do not aim to provide absolute answers to questions on the relationship between staging and acoustics; on the contrary, the article focuses on the relative values that result from comparing different configurations and analysing the relevance of these in the context of the performance. This study provides an initial insight into the relationship between acoustics, staging, and performance, and further work needs to be conducted in order to strengthen the findings presented. Further experimentation in connection to different possible surface materials for the wagons, for instance, needs to be explored. The exploration of different wagon structures, moreoever, might shed light on different staging possibilities and their impact on the acoustics of the performance space.
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